is associated with a substantial number of gastric adenocarcinomas worldwide, as confirmed by EBER1/2-RNA in situ hybridization (RISH). In the present study, we developed a rapid and sensitive PCR-based prescreening method for the detection of EBV in gastric carcinomas to reduce the amount of laborious EBER1/2-RISH assays to be performed. The method was evaluated by testing gastric adenocarcinomas (n ‫؍‬ 242) using both BamHI W PCR-enzyme immunoassay (EIA) and EBER1/2-RISH, in combination with appropriate DNA and RNA quality controls. Seventyfour percent of the paraffin-embedded gastric adenocarcinomas had good DNA quality as shown by ␤-globin polymerase chain reaction (PCR) after proteinase K and boiling pretreatment, whereas after DNA purification this was increased to 90%. Thirtytwo percent of all cases were EBV-DNA positive after PCR-EIA, whereas 10% of these gastric cancers contained EBV transcripts in the neoplastic cells as confirmed by EBER1/2-RISH. Interestingly, only samples with high optical density (OD) 405/630 values in PCR-EIA, equivalent to the maximum reading of the assay as determined by the positive control, contained EBV-positive tumor cells in the EBER1/2-RISH. In contrast, the weak positive samples, as determined by low OD readings in the PCR-EIA were EBER1/2-RISH negative. In conclusion, high OD values in EBV PCR-EIA are very valuable to prescreen EBV-carrying gastric carcinomas as confirmed by EBER1/2-RISH. Only these samples and those with poor DNA quality will require testing in the EBER1/2-RISH, thereby reducing the amount of laborious RISH assays with 85%.
In recent years, the human pathogenic Epstein-Barr virus (EBV) has been detected in a subset of gastric carcinomas. This ubiquitous human ␥-herpes virus is known to cause several benign and malignant diseases of both lymphoid and epithelial origin in humans (1) . EBV can be detected in 75 to 100% of the relatively rare lymphoepithelioma-like gastric carcinomas (2) (3) (4) and in approximately 27 to 35% of gastric stump carcinomas (5, 6) . In addition, EBV is detected in approximately 10% (range, 2-16%) of gastric adenocarcinomas n.o.s. (not otherwise specified) using EBER1/2-RNA in situ hybridization (EBER1/2-RISH; 7-9). It has been shown that EBV is clonally present in all tumor cells (10, 11) and transcriptionally active (12, 13) . The pathogenic role of EBV in these tumors remains to be established. Therefore, large epidemiological and clinicopathological studies are required.
At present, the nonradioactive EBER1/2-RISH is considered the most reliable technique, allowing the identification of EBV-bearing tumor cells in context of the morphology of tissue sections (14 -16) . The two EBV-encoded RNA transcripts 1 and 2 (EBER1/2) do not encode proteins, but they might be important for oncogenesis and resistance to programmed cell death (17) . These EBER1/2-transcripts are a valuable screening tool because they are abundantly expressed in all latency patterns displayed in tumors (18, 19) . However, EBER1/2-RISH is a laborious technique, in which only small amounts of samples can be tested per assay. In addition, its evaluation requires trained personnel.
In recent years, DNA-PCR has been described as a valuable method for the detection of EBV in malignancies (20, 21) . However, detection does not take place at the single-cell level. It is therefore not possible to determine the source of the detected EBV-DNA to exclude amplification of EBV from other sources than the tumor cells.
The aim of this study was to develop a rapid and reliable PCR-based hybridization assay facilitating prescreening of clinical samples. The sensitive semiquantitative PCR for the BamHI W repeat was used in combination with a phosphatase-based enzyme immunoassay. In addition, all cases were also tested by EBER1/2-RISH. We show that PCR-EIA can be used as a reliable prescreening method and that the presence of EBV in the tumor cells only has to be confirmed for strong EBV-DNA positive cases or for cases with poor DNA quality.
MATERIALS AND METHODS

Clinical Material
Two hundred forty-two cases of formalin-fixed and paraffin-embedded resection material or biopsies of gastric adenocarcinomas were tested of which 120 were obtained from the Department of Pathology of the Vrije Universiteit medical center and 122 gastric adenocarcinomas from 18 hospitals in the Netherlands, collected during the large Dutch D1D2 Gastric Cancer study conducted at the Leiden University Medical Center (22) . Tumor blocks were selected based on pathology reports.
Pretreatment and DNA Isolation
Sandwich sections of 5 m (outer sections) were stained with hematoxylin and eosin to confirm the presence of tumor in the tissue. For PCR purposes, a total amount of sections (5 m), in between sections, representing 1-cm 2 tumor were used. The tissue sections were digested overnight at 37°C using 100 g/mL proteinase K and 0.45% Tween-20 in 10 mM Tris-HCl (pH 7.5), followed by inactivation of proteinase K and lysis of the cells by boiling the samples for 10 minutes (23) . Samples were centrifuged for 5 minutes at maximum speed in a tabletop centrifuge and placed on ice. Ten microliters of this suspension was used in the PCR.
An additional DNA isolation procedure was performed on 200-L proteinase K mixture of those samples that were initially negative in the ␤-globin PCR to remove potentially PCR-inhibiting factors using the High Pure PCR Template Purification (HPPTP) kit (Roche, Indianapolis, IN) according to the manufacturer's protocol. Ten microliters of the 200-L elute was used for PCR.
␤-Globin PCR
Samples were analyzed for proper DNA quality for amplification by the human ␤-globin PCR using the BGPCO 3.1 -BGPCO 5 primer set, as described elsewhere (24) . The 209-bp PCR products were visualized by gel electrophoresis on a 1.5% agarose gel and evaluated compared with the positive control (1 ϫ 10 4 JY cells per reaction).
Epstein-Barr Virus PCR For the detection of EBV, the DNA isolate was subjected to EBV14/20 BamHI W repeat PCR as described previously (25) , except that the EBV20 primer was biotinylated at the 5' end during oligonucleotide synthesis (bioEBV20: 5' bio-gtgaagtcacaaacaagcc-3'; EBV 14: 5' ctctggtagtgatttggacc-3'). Distilled water was included as a negative control, whereas a dilution range of JY cells (100 BamHI W targets/cell) was included as a control for the sensitivity of the assay.
EBV PCR products of 240 bp were hybridized in the newly developed BamHI W enzyme immunoassay, according to a procedure previously described for the detection of human papilloma virus DNA (26) . Five-microliter biotinylated BamHI W-PCR product was coated onto a 96-well streptavidin-coated microtiter plate and 50-L of washing buffer, containing 1ϫ SSC and 0.5% Tween-20, was added to each well. The samples were incubated for 1 hour at 37°C. The microtiter plate was washed four times (350 L; 30 seconds) with washing buffer using an automated plate washer. The samples were denaturated for 15 minutes at room temperature using 0.2 M NaOH, washed four times, and hybridized with the digoxigenin-labeled pEBV probe (5' Dig-aatctgacactttagagctctggaggactt-3'; Eurogentec, Liege, Belgium), at a concentration of 10 pmol/mL of washing buffer, for 60 minutes at 37°C. After washing the plates four times, the samples were incubated for another hour with the alkaline phosphatase-labeled anti-dig Fab fragments. Samples were washed five times and visualized using the pNPP substrate (Sigma, St. Louis, MO). Optical density (OD) 405/ 630 values were measured after 1 hour and overnight substrate incubation. Samples were evaluated and compared with the appropriate controls. The cut off value was defined as three times the average negative control (26) . The OD of the samples was compared with the OD of the JY dilution range. In our setting, maximal OD reading was obtained using 10 2 JY cells (10 3 EBV copies) after overnight substrate incubation.
EBER1/2 and ␤-Actin RNA In Situ Hybridization
RNA in situ hybridization was performed for the EBER1/2-transcripts and the ␤-actin target as described previously (27) . Briefly, 5-m sections of paraffin-fixed tissue were cut and sections for ␤-actin-RISH were pretreated with proteinase K (10 g/mL). Sections were hybridized overnight at 55°C in a mix containing 50% formamide (Merck, Whitehouse Station, NJ), 10% dextran sulfate (Eppendorf 5 prime, Boulder, CO), 0.5ϫ SSC (0.2ϫ SSC for ␤-actin-RISH) and digoxigenin-labeled EBER1 and EBER2 probes diluted 1:100 (1:50 for ␤-actin-RISH). Excess probe was washed away by rinsing the slides three times for 15 minutes each with 0.5ϫ SSC. Bound probe was detected using mouse anti-digoxigenin (Sigma), biotinylated rabbit anti-mouse (DAKO, Glostrup, Denmark), followed by streptavidin-biotin complex (SABC, DAKO) and catalyzed reporter deposition signal enhancement. Aminoethylcarbazol was used for visualization of EBER1/2-RISH slides, whereas ␤-actin-RISH slides were visualized using diaminobenzidine nickel.
EBER1/2-RISH and Immunohistochemistry: Double Staining
Double staining for EBER1/2-transcripts and keratin was performed as described elsewhere (28) . Briefly, EBER1/2-RISH was performed and the slides were visualized using diaminobenzidine, followed by staining with the Moab AE 1/3 for keratin (Boehringer Mannheim, Mannheim, Germany) and visualization by Fast Blue BB Base substrate (Sigma, St. Louis, MO).
Statistical Analyses
For statistical testing, the two-tailed Fisher exact test was used. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Polymerase Chain Reaction
All 242 samples had tumor cells in sandwich HE sections and were tested by ␤-globin and EBV PCR. Results are shown in Table 1 . As determined by ␤-globin PCR, 74% (178/242) of the samples had good DNA quality for PCR amplification after treatment with proteinase K and boiling. EBV DNA prevalence in these samples, regardless of DNA quality, was 26.4% (64/242).
Quantitative analysis of the OD readings of PCR-EIA EBV-positive group allowed the division of these cases into two subgroups: weak positive (ϩ) and strong positive (ϩϩ). Strong positive cases were defined as those that reached a maximum OD reading after overnight substrate incubation. This OD value was identical to the OD of 10 2 JY cells (10 3 EBV copies). In our setting, the OD of this positive control ranged on average from 2.300 -2.500. In contrast, weak-positive cases reached OD readings higher than the cutoff level as determined by three times the OD reading of the negative control, but lower than the maximal OD reading. These OD values, except for one case, never exceeded 2.000 after overnight substrate incubation. After DNA purification of samples with poor DNA quality for PCR amplification, the ␤-globin PCR positivity was increased to 90% (218/242) and overall positivity in EBV-DNA PCR to 31.8% (77/242), including 9 weak EBV-positive cases and 4 strong EBVpositive cases. In addition, a quantitative increase in EBV PCR-EIA positivity was observed, as determined by higher OD readings in EBV-positive cases with poor DNA quality previously, including one weak EBV-positive case showing a strong positive signal.
EBER1/2-RNA In Situ Hybridization
All 242 cases were tested for the presence of EBV in the tumor cells by EBER1/2-RISH (Table 2 ). Ten percent (25/242) of these tumors were EBV positive. They were characterized by nuclear staining of all tumor cells with the EBER1 and EBER2 anti-sense probes (Fig. 1A) . Specificity of the hybridization was confirmed for each case using EBER1 and EBER2 sense probes as a negative control (Fig. 1B) . In two instances, positivity in the sense control was observed, which was most likely caused by aspecific probe hybridization, and therefore these cases were considered EBV negative. Indeed, this was confirmed by the negative EBV-PCR status of these cases. In addition, infiltrating lymphocytes were occasionally positive for EBV transcripts. These cases DNA purification was included for cases with poor quality. ␤-Globin PCR was performed to assess DNA quality for amplification.
a EIA: BamHI W PCR-enzyme immunoassay results were divided into negative, weak positive (ϩ), and strong positive (ϩϩ), based on optical density readings after overnight substrate incubation.
were not considered as EBV-carrying gastric carcinomas. In a subset of these cases the lymphoid character of these cells was confirmed by EBER1/ 2-RISH and keratin IH double staining (Fig. 2) .
␤-Actin-RISH was included as RNA quality control for a subset of 111 cases. Data are shown in Table 3 . Eighty-eight percent (98/111) of the tumor tissues tested showed good RNA quality enabling the detection of potentially present EBER1/2-transcripts, as determined by cytoplasmic staining of the whole tissue section (Fig. 1C) , whereas the sense control was negative (Fig. 1D) . Five percent (6/111) of the cases showed RNA degradation, which would make proper detection of EBV transcripts impossible. In 7% of the cases on which ␤-actin-RISH was performed, interpretation was not possible because of background in the sense control.
Correlation PCR Versus RISH
A very interesting correlation was observed between the OD readings in the PCR-EIA and the EBER1/2-RISH data, as shown in Table 2 . Strong positive EBV-DNA signals correlated in 23 out of 24 cases with EBV presence in the tumor cells, whereas EBV PCR-EIA negative results of samples with proper DNA quality as determined by ␤-globin PCR, correlated in 100% with absence of virus the tumor. In addition, in all but one of the cases with weak positive hybridization signals, EBV was not detected by EBER1/2-RISH. ␤-Actin-RISH was performed on all weak positive cases and showed good RNA quality, therefore indicating true absence of EBV in these tumor cells. Statistical analysis showed a significant correlation (PϽ.0001) between the strength of the EIA positivity (weak versus strong) and the EBER1/2-RISH results as determined by the two-tailed Fisher's exact test.
DISCUSSION
In the present study, we have shown that the BamHI W PCR-EIA in combination with a DNA quality control is a very valuable tool in rapidly and reliably identifying EBV-carrying gastric carcinomas, as confirmed by EBER1/2-RISH. Thus, a screening method for the detection of EBV has been established, which is significantly less laborious and time consuming than the conventionally performed EBER1/2-RISH.
We observed that strong hybridization signals in the PCR-EIA were restricted to EBER1/2-RISH positive gastric carcinomas, when testing all cases by both PCR and RISH. Based on this observation, we developed and evaluated our rapid and reliable PCR-based prescreening protocol in which only strong EBV-DNA positive cases and those with poor DNA quality require testing by EBER1/2-RISH (Fig.  3) . Meanwhile, we have applied this screening method to an additional 82 randomly selected cases, and observed an overall EBV positivity of 7.7% in a total of 324 cases from 19 different Dutch hospitals (data not shown). This is in agreement with the current literature concerning the prevalence of EBV-carrying gastric adenocarcinomas worldwide (7, 9, 29, 30) .
Using the combination of PCR-EIA and EBER1/2-RISH, we were able to determine that the weakpositive signals in PCR-EIA correlated with sporadically infiltrating EBER1/2-RISH positive lymphocytes. Double staining for EBER1/2-transcripts and keratin confirmed the lymphoid origin of these cells (Fig. 2) . However, consecutive sections were used for PCR and RISH, explaining discrepancies observed in the separate assays. In contrast to EBER1/2-RISH-negative gastric carcinomas containing randomly dispersed tumor infiltrating EBER1/2-RISH-positive lymphocytes, EBV-carrying gastric carcinomas are characterized by the presence of EBV in all tumor cells. This fact was reflected by the high OD readings after PCR-EIA and allowed us to use these high OD readings as screening method.
One prerequisite for the application of PCRbased screening methods is sufficient DNA of proper quality for PCR amplification. Therefore, all samples were tested by ␤-globin PCR and, if necessary, DNA purification was performed. After DNA purification, 90% of the cases tested did show appropriate DNA quality for PCR amplification. PCRinhibiting factors or DNA degradation were probably caused by fixation and processing of the tissue, which might differ in the different pathology departments. This indicates that this method is suitable even for different tissue fixation techniques. Additional methods to increase the DNA quality for PCR as reported, for instance, by Satoh et al. (31) by pretreatment of gastric DNA isolates with restriction enzymes or bovine serum albumin, have not been used in our study.
We evaluated all cases, including the EBV-DNA negative cases by EBER1/2-RISH, thereby confirming the sensitivity of the PCR assay. All EBV PCR- negative cases with proper DNA quality were EBER1/2-RISH negative. In addition, in one of the ␤-globin-negative cases, an additional EBER1/2-RISH-positive gastric carcinoma was found. This case could be detected because of the inclusion of a DNA quality control in the protocol, thereby sup- porting the value of checking DNA quality. In addition, weak EBV-positive cases did not contain EBV transcripts in the tumor cells, except for one case. EBV positivity in the PCR-EIA was followed in all cases by EBER1/2-RISH to confirm the presence of EBV in the tumor cells.
To exclude the possibility that EBER1/2-RISHnegative tumors were a consequence of poor RNAquality of formalin-fixed and paraffin-embedded tissue, a ␤-actin-RISH was carried out. This procedure allowed a thorough evaluation of the EBER1/ 2-RISH results and has proven to be a suitable tool to determine false negative results. However, this method did not increase the specificity of the assay but did increase the numbers of control assays to be performed. Therefore, ␤-actin-RISH will not be included in our standard screening protocol. In contrast, the EBER1/2-sense control was shown to be informative in two instances and will therefore remain in the strategy.
Previous studies have evaluated the use of PCR and ISH for other EBV-associated malignancies including NPC (32) (33) (34) , hypopharyngeal carcinomas (35), Hodgkin lymphomas (36, 37) , and non-Hodgkin lymphomas of the gastrointestinal tract (38) for research purposes. However, these studies used different methodical approaches to determine the presence of EBV. Several studies used a single-copy EBV target, for instance, EBNA-1 for the detection of EBV DNA in the tumor sections (32, 34) . Because every EBV genome carries up to 11 copies of the BamHI W repeat (39, 40) , the use of this fragment as target in the PCR screening definitely increased the sensitivity of the assay. In addition, our PCR was followed by an EIA using alkaline phosphatase (AP) for the detection of the PCR products. AP has a large dynamic range of measurement that enables the distinction between weak and strong positive cases.
This screening strategy is very interesting for testing large groups of tumors of types that have a relatively low association with EBV. Three to 6 times as many samples can be tested by PCR-EIA for the presence of EBV-DNA as compared with EBER1/2-RISH in the same time period. EBV-negative cases with proper DNA quality for PCR amplification do not require further testing by EBER1/2-RISH (68% of the cases). Even when additional DNA purification and EBER1/2-RISH has to be performed on a subset of these cases (total reduction in EBER1/2-RISH to be performed 85%), a larger group can be tested and evaluated in a much shorter time frame. In addition, interpretation of EBER1/2-RISH requires trained personnel, whereas PCR-EIA can be interpreted relatively easily.
In conclusion, we showed that the sensitive BamHI W PCR-EIA is a rapid and reliable screening protocol for the detection of EBV in gastric adenocarcinomas. This approach reduced the amount of samples to be tested by the laborious EBER1/2-RISH with 85%. Only samples with poor DNA quality or with high EBV-PCR hybridization signals re- 
